This is an open access journal, and articles are distributed under the terms of the Creative Commons Attribution-NonCommercial-ShareAlike 4.0 License, which allows others to remix, tweak, and build upon the work non-commercially, as long as appropriate credit is given and the new creations are licensed under the identical terms. Background: Delta-like ligand 4 (DLL4) is a key Notch ligand implicated in tumor angiogenesis. However, previous studies have shown that the DLL4-Notch signaling inhibits tumor angiogenesis but promotes tumor progression in primary glioblastoma. The underlying mechanism remains unknown. Methods: Tumor tissues from 70 patients with primary glioblastoma were analyzed by immunohistochemistry for the expression of DLL4, microvessel density (MVD), and Ki67 labeling index. The degree of tumor contrast enhancement (DTCE) on preoperative magnetic resonance imaging was also evaluated. The effect on prognosis was assessed based on Kaplan-Meier survival and Cox proportional hazard models. Results: Results showed that the DTCE was negatively correlated with DLL4 but positively correlated with MVD (r = −0.260, 0.593, P < 0.05). The Ki67 labeling index was shown to be positively correlated with both DLL4 and MVD (r = 0.346, 0.346, P < 0.05). Univariate analysis indicated a significant correlation of high DLL4 and Ki67 labeling index expression with shorter progression-free survival (PFS) and overall survival (OS) (P < 0.05). Multivariate analysis confirmed high DLL4 and MVD expression as unfavorable prognostic indicators for PFS and OS (P < 0.05), and the hazard ratio of DLL4 was higher than MVD for both PFS and OS (P < 0.05). Conclusion: We conclude that the DLL4-Notch signaling improves tumor vascular function and contributes to the survival of malignant cells, resulting in less MVD but more tumor progression in primary glioblastoma.
intRoduCtion
Glioblastoma is the most common primary malignant brain tumor in adults, accounting for >50% of primary malignant gliomas. [1] After maximum surgical tumor resection, standard therapy is a concurrent treatment of temozolomide (TMZ) and radiotherapy. [2] However, the clinical outcome of primary glioblastoma remains poor, with a median survival of 18 months. [3] Therefore, new therapeutic strategies are required.
In the 1970s, Folkman [4] first proposed the concept that solid tumors require the growth of new blood vessels for oxygen and nutrient supply, and the antiangiogenesis therapy based on this concept has spurred substantial efforts in both preclinical and clinical studies. Among tumor angiogenesis, vascular endothelial growth factor (VEGF) signaling is the most important and best characterized pathway. [5] Studies have found that blocking the VEGF signaling pathway can inhibit the growth of tumor cells, as shown in various mouse tumor models. [6] Thus, studies hope to improve the prognosis of glioblastoma by antiangiogenesis. However, two phase III clinical trials in 2014 have shown that blocking the VEGF signaling pathway through bevacizumab did not improve overall survival (OS) in patients with newly diagnosed glioblastoma. [7, 8] Therefore, it is of great significance to study
The delta-like ligand 4-notch signaling inhibits tumor angiogenesis but promotes tumor growth in primary glioblastoma: An immunohistochemical study the role of other signaling pathways in the formation of tumor angiogenesis in human glioblastoma.
The Notch pathway is a highly conserved signaling system that controls a diversity of growth, differentiation, and pattern processes throughout embryonic and postnatal development in vertebrates and invertebrates. [9, 10] Until recently, 4 types of Notch receptors: Notch-1, -2, -3, and -4 and five ligands: Delta-like-1, -3, -4 (DLL1, 3, 4), Jagged-1 and -2 have been recognized in mammals. [10, 11] Accumulating evidence shows that the DLL4-Notch pathway can enhance the activity of VEGF on tumor cells, promote its expression, and stimulate the formation of tumor angiogenesis to promote tumor growth/invasion. [12] [13] [14] Studies of tumor angiogenesis in physiological vessels show that upregulated DLL4 causes the activation of Notch signaling in the vascular endothelial cells. [15] In vitro, hypoxia generally induces the abnormal expression of DLL4, which in turn increases the microvessel density (MVD). [16] However, the function of DLL4-Notch signaling pathway in the formation of tumor angiogenesis in glioblastoma is not uniform. In most of previous studies, the DLL4-Notch signaling pathway inhibited the formation of tumor angiogenesis in glioblastoma, [17, 18] but an individual study shows the opposite result. [19] In our previous study, we also found that high DLL4 expression predicted poor prognosis in primary glioblastoma. [20] If this result is consistent with the majority of studies (the DLL4-Notch signaling pathway inhibited glioblastoma tumor angiogenesis), it is seemingly contradictory with the traditional concept: "Antitumor angiogenesis can serve as a therapeutic target for cancer." For this reason, we have done mainly two things. One was to clarify the role of DLL4-Notch signaling pathway in the tumor angiogenesis in glioblastoma. More importantly, we explored the different effects of DLL4-Notch signaling pathway on the prognosis of patients with glioblastoma to explain the possible reasons and mechanism of this contradictory result. To the best of our knowledge, there is currently a lack of research on this aspect.
mateRials and methods

Patients and tissue samples
This study retrospectively identified patients with primary glioblastoma who underwent surgery at the Department of Neurosurgery, the First Affiliated Hospital of Fujian Medical University between 2009 and 2014. Patients with recurrent glioblastoma through simple biopsy, without preoperative magnetic resonance imaging (MRI) image, as well as patients whose enhanced scan image data and postoperative pathologic specimens were not available for immunohistochemically were excluded. In total, 70 patients were enrolled. Informed consent was obtained from all patients according to the research proposal approved by the local ethics committee of the Fujian Medical University. All procedures performed in this study were in accordance with the ethical standards of the institutional and national research committee and with the 1964 Helsinki declaration and its later amendments. Tumor specimens were reviewed and confirmed by two experienced neuropathologists who were blinded to the study, using the principles of WHO classification for tumors in the central nervous system. [1] None of the patients received preoperative adjuvant therapy (radiotherapy and/or chemotherapy). Clinical information was obtained by reviewing medical records.
Treatment and clinical outcome assessment
Following diagnosis, all patients underwent surgical treatment. According to the postoperative MRI performed within 7 days after surgery, the extent of tumor resection was determined as "gross total resection" (≥95% of tumor was resected) in 55 patients and as "subtotal resection" (<95% resected) in 15 patients. Following surgery, radiotherapy to limited fields (2 Gy per fraction, once a day, 5 days a week, 60 Gy total dose) plus continuous daily TMZ (75 mg/m 2 /d, once per day, 7 times/week during radiotherapy) was adopted. Subsequently, adjuvant TMZ (at a dose of 150-200 mg/m 2 /d, days 1-5) was used in chemotherapy and administered for 4-6 cycles (at 28-day intervals) in the absence of irreversible blood toxicity or death. Nineteen patients were treated with nonstandard chemoradiotherapy (including patients received only radiotherapy or chemotherapy and patients did not receive chemoradiotherapy) and 51 patients received standard chemoradiotherapy (radiotherapy plus chemotherapy). All patients in this study were followed up in accordance with a strict protocol as follows. After the date of resection, patients were observed at 3-month intervals during the 1 st year and at 6-month intervals thereafter. Tumor progression was determined based on the method proposed by Wen et al. [21] Progression-free survival (PFS) was measured from the date of surgery until the date of tumor progression (or the latest follow-up). OS was measured from the time of surgery to death (or the latest follow-up). PFS and OS were censored at the date of latest follow-up for patients without tumor progression or death. The clinical characteristics of patient data are presented in Table 1 . 
Immunohistochemistry staining
Sections were cut at a thickness of 4 μm from routinely prepared, 10% formalin-fixed, paraffin-embedded blocks of tumor tissue. The following primary antibodies were used: anti-DLL4 antibody (1:100, Abcam, ab7280, UK), anti-CD34 antibody (1:50, Dako, clone QBEnd/10, Denmark), and anti-Ki67 antibody (1:100, Dako, clone Mib1, Denmark). Paraffin-embedded sections were deparaffinized in xylene and dehydrated in graded alcohol.
Antigen retrieval was performed in a citrate buffer (pH 6.0). The sections were incubated overnight at 4℃ with the diluted primary antibodies. Next, the sections were rinsed with phosphate-buffered solution (PBS) and incubated with the horseradish peroxidase-conjugated secondary antibody (ZSGB-BIO, China). After rinsing with PBS, the sections were stained with diaminobenzidine and counterstained with hematoxylin. The negative control sections were incubated with PBS in equal concentrations as the primary antibodies, and known positive tissue sections (human kidney tissue for DLL4; human lung carcinoma tissue for CD34) were used as positive controls.
Evaluation of staining
Two pathologists, who were blinded to the pathological diagnosis and clinical data, analyzed the immunohistochemical staining. The number of positive endothelial or tumor cells was counted using a light microscope at ×200. Five fields were examined for each tumor specimen. The expression of DLL4 was classified as low if ≤10% of the cells were positive; otherwise was classified as high. [22] For the Ki67 labeling index, a semiquantitative grading scale was adopted as follows: (1) weak immunoreactivity (5%-25%), (2) moderate immunoreactivity (25%-50%), and (3) strong immunoreactivity (≥50%). To facilitate the analysis, we assumed 0-1 as low, and others as high.
Determination of microvessel density
The MVD was determined by counting CD34-labeled microvessel endothelial cells. Due to the uneven distribution of microvessels in tumor tissue, each section displaying dual staining of CD34 was scanned at a low magnification (×40) and three regions with the highest density of distinctly highlighted microvessels ("hot spots") were selected. One field was identified in each hot spot at ×200 (0.785 mm 2 per field size). MVD was defined as the number of manually counted vessels per mm 2 and presented as the mean of three hot spots. [23] The median of MVD served as the cutoff: the expression was classified as low if less than the median, otherwise was classified as high.
Evaluation of preoperative magnetic resonance imaging
For all patients, preoperative MRI data were acquired from available routine scans, including T1-weighted (W), T2-W, and contrast-enhanced T1-W sequences. Tumor contrast enhancement was defined as contrast-enhanced T1-W sequences compared with T1-W display of the high signal [ Figure 1 ]. The degree of tumor contrast enhancement (DTCE) was measured on postcontrast T1-W and divided into 3 grades: [24] 0 = no enhancement; 1 = signal intensity of the tumor nodule was less than that of fat; and 2 = signal intensity of the tumor nodule was equal to or higher than that of fat. Since all patients in this study showed enhancement on postcontrast T1-W, Degree 1 was defined as low enhancement [ Figure 1B] and Degree 2 was defined as high enhancement [ Figure 1D ]. Each patient's MRI images were analyzed independently by two experienced radiologists who were blinded to the patient's clinical information.
Statistical analysis
All data were analyzed using SPSS 22.0 software (SPSS Inc., Chicago, USA). Relationships between categorical variables (age and gender) and DLL4, Ki67, MVD, and DTCE were based on the Chi-square test. A nonparametric test (Spearman's rank correlation (r) analysis or Mann-Whitney U-test) was adopted to analyze the association between DLL, MVD, Ki67, and DTCE. Survival curves were constructed based on the Kaplan-Meier method, and survival differences were compared based on a log-rank test. A multivariate analysis was done by using Cox proportional hazards model to determine the prognostic effectors on PFS and OS. Hazard ratios (HR) and corresponding 95% confidence intervals (CI) were calculated. P ≤ 0.05 was considered to be statistically significant.
Results
Topology of delta-like ligand 4, Ki67, CD34 (microvessel density) in primary glioblastoma tissues
As compared to adjacent nonneoplastic brain tissue with low or rare immunoreactivity, DLL4, Ki67, and CD34 exhibited elevated expression. Positive staining of DLL4 expression was essentially limited to the cytoplasm of tumor vascular Figure 2B ].
In general, MVD is a well-known parameter associated with angiogenesis in tumor. In the present study, MVD was evaluated in primary glioblastoma paraffin sections after staining with CD34. CD34 expression was observed in the cytoplasm of tumor vascular endothelial cells and the microvascular formation varied, including single endothelium and tubular vessels in primary glioblastoma tissues [ Figure 2D ]. 
Correlations of delta-like ligand 4, Ki67, microvessel density, and degree of tumor contrast enhancement with clinical features
The total concordance of scoring between the 2 observers was 95.7% for DLL4 (67/70, Cohen's kappa coefficient of 0.746, P < 0.001) and 92.8% for Ki67 (65/70, Cohen's kappa coefficient of 0.851, P < 0.001) indicating substantial agreement. Of 70 patients, 29 (41.4%) were females, 41 (58.6%) were males (1:1.4 sex ratio), 41 patients (58.6%) were ≤60 years, 29 (41.4%) were >60 years, and the mean age at diagnosis was 59.56 ± 12.05 years (17-79 years). Preoperatively, median karnofsky performance status (KPS) was 70 (range, 60-90) [ Table 1 ]. Our results demonstrated that all 70 patients got enhanced on preoperative postcontrast MRI scans, among them 29 showed low degree enhancement, while 41 showed high degree enhancement. However, there was no correlation found with gender and age (P > 0.05) [ Table 2 ].
Relationship between delta-like ligand 4, Ki67, microvessel density, and degree of tumor contrast enhancement
Our results showed that DLL4 expression was significantly associated with MVD, DTCE, and Ki67 (P < 0.05) [ Table 3 ]. The correlation analysis indicated that DLL4 expression was negatively correlated with MVD (r = −0.249, P = 0.038) [ Figure 3A] and DTCE (r = −0.260, P = 0.030) but positively correlated with Ki67 (r = 0.346, P = 0.003) [ Table 3 ]. Our results regarding tumor angiogenesis and progression showed that MVD was positive correlated with both DTCE and Ki67 (r = 0.593, 0.346, P < 0.05) [ Table 3 ]. 
Survival analysis
Follow-up was available for all patients, and the mean follow-up period was 48.14 weeks (range: 11-154). During the follow-up period, 65 (92.9%) patients showed tumor progression and 45 (64.3%) patients died, and all of them had died with glioblastoma. Univariate analysis demonstrated that patients with low DLL4 and MVD expression had significantly longer PFS (P ≤ 0.001, 0.024) [ Figure 4A and C] and OS (P ≤ 0.001, 0.007) [ Figure 4B and D] than those with high expression. Similar results were also observed between survival estimates of younger patients, with higher degrees of tumor resection, standard chemoradiotherapy, higher KPS, and low Ki67 expression [ Table 4 ]. 
disCussion
The DLL4 is a key Notch ligand that is implicated in tumor angiogenesis. However, there are uncertainties regarding the function of the DLL4-Notch signaling pathway in the formation of tumor angiogenesis in glioblastoma. [17] [18] [19] Although most studies in the literature have concluded that the DLL4-Notch signaling pathway is a negative effector on tumor angiogenesis, our study has shown that high DLL4 expression predicted poor prognosis in primary glioblastoma. [20] Reasons and mechanisms of this contradictory result have not been reported.
The present study showed that MVD in primary glioblastoma was significantly higher than in nonneoplastic brain tissue, and the spatial distribution of DLL4 was mainly located in the tumor vascular endothelial cells. This significant association and special morphology suggests DLL4 as a negative effector on tumor angiogenesis in primary glioblastoma. The results also demonstrated that both DLL4 and MVD were associated with Ki67. In the present study, there was a positive correlation between the expression of MVD and Ki67. The possible reason may be that high MVD can provide more nutrients and oxygen for tumor progression. [4] However, although this study showed that DLL4 inhibited MVD, a positive correlation between DLL4 and Ki67 was also found in primary glioblastoma. Therefore, the further study was done by us.
Tumor enhancement is one of the most common imaging features of primary glioblastoma resulted in part from the abundance of neovascularization. When considering MRI-enhanced images, normal brain tissue cannot be enhanced due to the protection of blood-brain barrier (BBB). However, in primary glioblastoma tissues, the abundance of neovascularization leads to the formation of abnormal blood vessels, with absent or incomplete BBB, which allows enhancement by the contrast agent. [25] Therefore, the DTCE is a comprehensive reflection of the function of the tumor vessel and tumor angiogenesis. In the present study, we observed that the DTCE was positively correlated with MVD but negatively correlated with DLL4. This phenomenon may be related to the different functions with respect to tumor angiogenesis. An abundance of pathological angiogenesis with high permeability can create a powerful condition for the migration of tumor vascular endothelial cells and facilitates proliferation and invasion of tumor cells. [13] Thus, when MRI enhanced scans were conducted, more contrast agent exuded from tumor tissue. In contrast, DLL4-Notch signaling pathway decreases tumor angiogenesis [26] but improves tumor vascular function in primary glioblastoma. [27] Therefore, low DTCE was observed.
Furthermore, we evaluated the effect of DLL4 and MVD expression on patient outcomes in glioblastoma. These results showed that both the DLL4 and MVD were independent predictors of prognosis. High MVD can provide more nutrients and oxygen for tumor progression. [4] However, although DLL4 reduces the formation of blood vessels, it improves tumor vascular function and produces "bigger" lumen within vessels to transport nutrients and oxygen for tumor growth. [27] In addition, the DLL4-Notch signaling pathway nurtures the self-renewal of cancer stem-like cells, [28] which leads to tumor invasion, proliferation, and metastasis. Moreover, from the COX proportional hazard model, we found that the HR of DLL4 for OS was higher than MVD (3.208 vs. 2.890). These findings indicate that in the process of tumor development, the function of the vessel was equally important and may be even more than its density. This may be one of the reasons why targeted therapy with VEGF antagonists alone did not work effectively in clinical studies. [29, 30] However, our study has several limitations which should be acknowledged. First and foremost, the findings are limited because of the few samples and the conclusions based mainly on the statistical analysis of immunohistochemistry results. Therefore, large-scale and vitro or vivo experiments are worth doing to provide more compelling evidence.
In conclusion, our results suggest that although the DLL4-Notch signaling pathway inhibits tumor angiogenesis in primary glioblastoma, its function also improves tumor vascular. In carcinogenesis, this may lead to poor outcomes. On the other hand, the function of the vessel was equally important and may potentially be more important than density. Our data also demonstrate that DLL4-Notch signaling (and its inhibitors) may be used as a promising therapeutic target in glioblastoma.
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